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Abstract
Intercalation of different species under graphene on metals is an effective way to tailor electronic
properties of these systems. Here we present the successful intercalation of metallic (Cu) and
gaseous (oxygen) specimens underneath graphene on Ir(111) and Ru(0001), respectively, that allows
to change the charge state of graphene as well as to modify drastically its electronic structure in
the vicinity of the Fermi level. We employ ARPES and STS spectroscopic methods in combination
with state-of-the-art DFT calculations in order to illustrate how the energy dispersion of graphene-
derived states can be studied in the macro- and nm-scale experiments.
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I. INTRODUCTION
Intercalation compounds on the basis of different layered host materials attract a lot of
attention in the last decades. The most common examples, which appeared naturally during
studies of the transport properties of graphite, are the graphite intercalation compounds
(GICs) [1], which can be formed in different ways via incorporation of atoms of metals or non-
metals or big molecules between single graphite layers. Further studies lead to the discovery
of intercalation compounds on the basis of layers of CoO2 (LixCoO2, NaxCoO2, etc.) [2],
transition metal dichalcogenides (CuxTiSe2, LixMoS2, etc.) [3] and many others. All these
studies demonstrate that chemical and physical properties of the intercalant hosts might be
modified via controllable tailoring their electronic band structure, sometimes leading to the
observation of new phenomena, which were previously not observed for the parent material,
like superconductivity in alkali-metal GICs [4] or CuxTiSe2 [5].
In case of intercalation compounds on the basis of graphite or transition metal dichalco-
genides, inserting intercalant layers leads to the decoupling of 2D layers of the host material
from each other allowing to perform studies of the electronic structure of the single layers,
which is modified by the presence of intercalant. It is interesting that despite the 3D crys-
tallographic structure of these materials and change of the periodicity in the system upon
intercalation, the valence band structure of the resulting materials has a symmetry of the
host material [6–8]. This effect was nicely demonstrated in the angle-resolved photoelectron
spectroscopy (ARPES) experiments on La-GIC compound [6, 8], where band structures of
a 2D host graphene layers and the inserted La layer, which have different symmetries, give
the photoemission signals in the Brillouine zone of the respective symmetry. It was shown
that if the symmetry of the sub-systems is different and the interaction between atoms in
the sub-unit is stronger than between units of the crystal, then the folded bands are not
observed in the photoemission experiment. Similar consideration is also valid for the lo-
cal spectroscopic experiments, such as scanning tunneling spectroscopy (STS) or transport
measurements, where effect of additional periodicity can change the transport coefficients
dramatically.
Graphene (gr), as a pure 2D material, is a subject of the intensive studies after its
extraordinary transport properties, caused by the linear dispersion of the electronic states
in the vicinity of the Fermi level (EF ), were discovered [9, 10]. Besides the perspectives for
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graphene to be used in different technological applications, e. g. in gas sensors [11], in touch
screens [12], or as a protective anticorrosion layer [13–16], it is a perfect material to study
different physical phenomena in 2D materials that in many cases leads to the observation
of the new fascinating effects. For example, if exfoliated graphene flake is placed on the
h-BN substrate, then the small missalignment of two sublattices leads to the formation of
the moire´ lattices in this system that influences the electronic spectrum of graphene and
the so-called Hofstadter butterfly spectrum of electrons, which movement is influenced by
simultaneously acting periodic potential and the external magnetic field [17, 18].
Further example is the graphene/metal system [19–22], where graphene is usually syn-
thesised via chemical vapour deposition (CVD) technique. Here the interaction between
graphene and the metallic substrate can be modified by placing different species (atoms of
metals or non-metals, molecules, like CO, H2O, or C60) underneath graphene [23–31]. The
main goal of such studies is to decouple graphene from the metallic substrate, that in most
cases changes the doping level of graphene (and even its sign) and to restore the original
linear dispersion of the graphene-derived states in the vicinity of the Fermi level. Here
ARPES and STS techniques allow to perform electronic structure studies on the macro-
or/and nm-scale giving information about doping level, gap opening, band dispersion and
renormalization, and also providing new physics, which shed light on the new phenomena
in graphene [22, 32–36].
In the present work we demonstrate the application of space-integrated (ARPES) and
local (STS) spectroscopic methods in combination with density-functional theory (DFT)
calculations for investigation of the electronic band structure of the graphene-based inter-
calation systems on metals: gr/Cu/Ir(111) and gr/O/Ru(0001). Both systems show the
electronic properties (doping level and band dispersions) which are different from those for
the parent systems, demonstrating the effective ways to tailor physical and chemical prop-
erties of the graphene/metal interface. This work is an extended review of the previously
published results [30, 36].
II. EXPERIMENTAL DETAILS
Graphene in both experiments was prepared on hot metallic substrates (preliminary
cleaned by cycles of Ar+-sputtering/annealing) via decomposition of C2H4 at a partial pres-
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sure of p = 1× 10−7 mbar. Intercalation of Cu in gr/Ir(111) was performed via annealing of
the Cu/gr/Ir(111) system with a nominal thickness of Cu-layer slightly more than 1 ML. The
process of intercalation was monitored in the live-XPS (x-ray photoelectron spectrosocpy)
experiments. Oxygen intercalation in gr/Ru(0001) was performed with a stainless steel pipe,
which end was placed in the close vicinity of the sample surface, at the relatively high gas
pressure (pO2 = 1.5×10−4 mbar) and sample temperature of 150◦C. Homogeneity and clean-
ness of the systems before and after intercalation were controlled in the respective STM,
XPS, and ARPES experiments. The more detailed description of the sample preparation
procedures can be found elsewhere [30, 36].
All prepared samples were characterized at room temperature by means of STM/AFM
performed with SPM Aarhus 150 equipped with KolibriSensorTM. In these measurements the
sharp W-tip was used, which was cleaned in situ via Ar+ -sputtering. In the presented STM
images the tunnelling bias voltage, UT , is applied to the sample. Low-temperature STM
measurements were performed in the SPECS JT-STM at the sample and tip temperature
of 1 K. dI/dV spectroscopy and mappings were performed at low temperatures using the
lock-in-technique with a modulation voltage of Umod = 10 mV and a modulation frequency
fmod = 684.7 Hz.
ARPES experiments were performed in the UHV station equipped with SPECS PHOI-
BOS 150/2D-CCD analyzer and Ar/He UV-light source. The sample was placed on a 5-axis
motorized manipulator, allowing for its precise alignment in the k space. The sample was
azimuthally pre-aligned in such a way that the polar scans were performed along the Γ−K
direction of the graphene-derived BZ with the photoemission intensity on the channelplate
images acquired along the direction perpendicular to Γ − K. The final 3D data sets of
the photoemission intensity as a function of kinetic energy and two emission angles were
transformed in the respective data sets for the reciprocal space, I(EB, kx, ky) for the careful
analysis, where EB is the binding energy of electrons and kx,y are two orthogonal compo-
nents of the wave vector in BZ. Part of ARPES and XPS experiments on the intercalation
process studies was performed at BESSY II (HZB Berlin).
The DFT calculations were carried out with the VASP program [37] using the projector
augmented wave (PAW) method [38], a plane wave basis set, and the generalised gradient
approximation as parameterised by Perdew et al. [39]. The plane wave kinetic energy cutoff
was set to 400 eV. The long-range van der Waals interactions were accounted for by means
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of the DFT-D2 approach [40]. The supercells used to model the graphene-substrate inter-
faces are constructed from a slab of 5 metal layers with a graphene layer adsorbed from
one side and a vacuum region of approximately 20 A˚. In the case of graphene/Ir(111) and
graphene/Cu/Ir(111) this supercell has a (9×9) lateral periodicity with respect to metal and
a (10×10) lateral periodicity with respect to graphene. In the case of graphene/O/Ru(0001)
this supercell has a (12×12) lateral periodicity with respect to metal and a (13×13) lateral
periodicity with respect to graphene. To avoid interactions between periodic images of the
slab, a dipole correction is applied. During the structure relaxation, the positions of the
carbon atoms as well as those of the top two layers of metal atoms (as well as oxygen atoms
in the case of graphene/O/Ru(0001)) are allowed to relax. In the total energy calculations
and during the structural relaxations the k-meshes for sampling the supercell Brillouin zone
are chosen to be as dense as 6× 6 and 3× 3, respectively, and centred at the Γ-point. The
band structures calculated for the studied systems were unfolded to the graphene (1 × 1)
primitive unit cell according to the procedure described in Refs. [41, 42] using the BandUP
code.
III. RESULTS AND DISCUSSIONS
A. Systems preparation and characterization.
Figure 1 summarizes the results of the samples preparation and characterization. Origi-
nal, hexagonally packed clean surfaces of 4d or 5d metals, hcp Ru(0001) or fcc Ir(111) (top
row), are used for the preparation of the high-quality graphene layers, which in these cases
form the so-called moire´ structures with several nm periodicities (middle row). Here several
high-symmetry adsorption positions for carbon atoms on the close-packed surfaces can be
identified: ATOP, FCC, HCP (they are marked by the respective capital letters in Fig. 1,
middle row). They are determined with respect to the corresponding adsorption places of
the metal surface, which are surrounded by the carbon ring of a graphene layer. For low bias
voltages, graphene on Ir(111) is imaged in the inverted contrast, when the topographically
highest ATOP place of a graphene layer is imaged as a dark spot in the STM image as
opposite to the HCP and FCC positions. Such an effect was explained by the formation of
the corresponding interface states between graphene and Ir(111) as a result of an overlap
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between graphene pi and Ir 5dz2 states [43, 44]. For graphene on Ru(0001) the direct imag-
ing contrast is prevailed in STM images for low bias voltages due to the domination of the
topographic contribution in the STM imaging [30, 45–47].
Intercalation of Cu and oxygen in gr/Ir(111) and gr/Ru(0001) (Figure 1, bottom row),
respectively, conserves the periodicity of the moire´ lattices (pseudomorphic growth of Cu at
the gr/Ir interface [36] and (2× 1)-O structure at the gr/Ru interface [30]), but leads to the
dramatic changes in the STM imaging contrast. After intercalation the imaging contrast is
direct for gr/Cu/Ir(111) and the STM contrast for gr/O/Ru(0001) becomes extremely flat.
Such changes in the imaging contrast for both systems are the reflection of the respective
modifications in the electronic structure of graphene on the corresponding support and they
are the subjects of the further ARPES and STS studies of the respective systems.
In order to control the formation of the gr/Cu/Ir(111) system, which STM images might
be, at some imaging conditions, similar to those of gr/Ir(111), the process of Cu intercalation
under graphene on Ir(111) was monitored in the live-XPS measurements, where C 1s and
Ir 4f core levels were acquired as functions of time with sample temperature ramped from
room temperature to 850 K. Fig. 2 shows the high-resolved C 1s and Ir 4f XPS spectra taken
before and after intercalation (bottom and top rows) as well as the respective photoemission
intensity maps as a function of binding energy and sample temperature (middle row). From
these intensity maps one can see that until ≈ 820 K there are only gradual changes in the
spectra: small shift of the C 1s line to the higher binding energy and the weak decrease
of intensity of the interface component of the Ir 4f line (low binding energy shoulder). At
T ≈ 830 K drastic changes are observed: (i) C 1s line shifts stepwise to the higher binding
energy by ≈ 0.55 eV and (ii) the peak intensity of the “interface” components for the Ir 4f
lines is reduced by ≈ 30% (at the same time the peak intensity of the “bulk” components is
reduced by ≈ 18%). Both changes as well as the absence of any C 1s signal at the binding
energies corresponding to gr/Ir(111) indicates the complete intercalation of the Cu layer
and formation of the gr/Cu/Ir(111) intercalation system. Before and after Cu intercalation
the C 1s XPS line can be fitted by one (284.18 eV) and two (284.69 eV and 285.01 eV)
components, respectively, reflecting stronger interaction between graphene and Cu/Ir(111)
with smaller gr/metal distance compared to gr/Ir(111), and that two distinct areas in the
STM images are observed. For the Ir 4f spectra the energy splitting between “bulk” and
“interface” components is reduced from 537 meV to 463 meV for systems before and after
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Cu intercalation, respectively. Intensity of the “interface” part is strongly reduced after Cu
intercalation in gr/Ir(111).
B. ARPES and DFT of gr/Ir(111) and gr/Cu/Ir(111)
Figure 3 compiles the results on the electronic structure studies of graphene on Ir(111) and
Cu/Ir(111). ARPES intensity map for gr/Ir(111) shows a clear dispersion of the graphene-
derived pi band along the k direction perpendicular to Γ−K in the Brillouine zone [Fig. 3(a)].
According to the recent theoretical works [36, 43, 48], the interaction between graphene
and Ir(111) is mainly governed by the van der Waals forces and the hybridization between
graphene-derived and Ir valence band states is relatively small. This leads to the observation
of the linear dispersion of the graphene pi states around EF , with the position of the Dirac
point at approximately 100 ± 10 meV above EF (graphene is p-doped). The influence of
the Ir(111) substrate is manifested via observation of the so-called replica bands in the
ARPES intensity map and opening of the mini-gaps at E − EF ≈ −0.76 eV and E − EF ≈
−2.1 eV according to the avoid-crossing mechanism [44, 49, 50]. These effects are due to
the additional moire´ lattice periodicity (of ≈ 25 A˚) observed for this system.
The relatively weak interaction between graphene and Ir(111) does not destroy the orig-
inal Rashba-split surface state observed on Ir(111) around the Γ point [Fig. 3(c); here data
were acquired with non-monochromatized Ar I line (Ar Iα/Ar Iβ, hν = 11.83 eV/11.62 eV),
leading to two sets of parabolas separated by energy of 0.21 eV]. Adsorption of graphene on
Ir(111) leads only to the upward energy shift of the surface state from E−EF = −0.34 eV at
Γ for Ir(111) to E−EF = −0.21 eV at Γ for gr/Ir(111), that can be assigned to the stronger
localization of the surface state wave function upon graphene adsorption. This behavior is
similar to the one observed for the same system [51] as well as for Au(111) and Ag(111)
covered by graphene [52, 53].
Intercalation of Cu in gr/Ir(111) leads to the significant changes in the observed ARPES
picture [Fig. 3(b)]. For the formed intercalation system, the energy shift of the Dirac point
is observed, resulting in the n-doping of graphene, ED − EF = −0.69 ± 0.01 eV. The most
important observation is the opening of the energy gap of (0.36± 0.01) eV for the graphene
pi states directly at the Dirac point. Similar behavior was also observed for the other
intercalation systems with Cu, Au, and Ag used as intercalants [54–56]. It is interesting to
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note that a substantial hybridization between graphene pi state and Cu 3d states is observed
in the binding energy range of ≈ 2−4 eV. This effect is reflected in the opening of the energy
gaps at the energy and wave-vector values, where pi states are intersected by Cu 3d bands.
As will be shown later this effect of hybridization and space-overlap of the graphene-derived
pi states with the Cu 3d states of different symmetry has an important implication on the
spectral function of graphene pi states at the Dirac point.
Figure 4 shows the calculated band structure of a graphene layer on Ir(111) and
Cu/Ir(111) for the corresponding supercell and then unfolded to the primitive (1× 1) unit
cell of graphene (band structures are presented along the respective high-symmetry direc-
tions of the graphene Brillouine zone shown as an inset in panel (a)). In both panels the
dispersion of the graphene-derived pi states in the vicinity of the Fermi level can be easily
distinguished. For gr/Ir(111) [Fig. 4(a)] a clear p-doping of a graphene layer is detected
with the calculated position of the Dirac point of ED−EF = 0.11 eV. Closer analysis of the
region around the Dirac point shows the existence of the energy gap of 0.22 eV in the energy
dispersion of the pi band. Such gap with the width of ≈ 100 meV was previously observed
in the ARPES experiments on the electron-doping of gr/Ir(111) via K-adsorption [57]. The
appearance of this gap might be explained by the effect of hybridization between graphene
states of the pz symmetry (pi band) and the Ir dz2 surface state localized around the K-point,
which was recently detected in the experiment [58].
In case of the gr/Cu/Ir(111) intercalation system, a graphene layer has an n-doping
with a position of the Dirac point at ED − EF = −0.49 eV. At the same time the energy
gap of 0.11 eV is opened directly at the Dirac point. Taking into account the size of the
studied system, the agreement between experimental and theoretical values of doping and
the width of the band gap is rather good. There is also a series of the energy gaps in
the energy range E − EF = −1.5... − 5 eV, which appear at energies and k-vector values
where graphene pi band is crossed by the Cu 3d bands leading to the formation of the hybrid
states. The deep analysis performed in Refs. [36, 59] shows that, in case of graphene on
the close-packed surface of a d metal, pz orbitals of two carbon atoms in the graphene unit
cell overlap with d orbitals of the underlying metal atom, which have different symmetry.
In general case [59] we can say that the following hybrid states are formed: pz(C
top) + dz2
and pz(C
fcc) + dxz,yz, where C
top and Cfcc are carbon atoms in the unit cell occupying top
and fcc high-symmetry adsorption positions above the close-packed surface. In case of the
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free-standing graphene, where carbon atoms are identical, the electronic states of two carbon
sublattices are degenerate at the Dirac point that leads to the zero density of states at this
point. If we consider graphene on d-metal, then symmetry between two carbon sublattices
is broken and electronic states in the vicinity of the Dirac point have different symmetry as
discussed above. This effect leads to the lifting of the degeneracy and opening of the energy
gap directly at the Dirac point, which width is determined by the hybridization strength
between graphene pi and metal d states [36, 59].
C. STS and DFT of gr/O/Ru(0001)
The crystallographic structure of gr/O/Ru(0001) was studied in details by means of STM
and non-contact atomic force microscopy (AFM) in Ref. [30] and it was shown that graphene
in this system is extremely flat with the corrugation of the moire´ structure of only 0.1 A˚.
The electronic structure of this nearly free-standing graphene was studied by means of STS
on the local scale. The results of these experiments are compiled in Fig. 5.
The STM image of the gr/O/Ru(0001) system [Fig. 5(a)] shows drastic changes in the
morphology of the system compared to the strongly corrugated parent gr/Ru(0001) [30, 60,
61] [Fig. 1]. Intercalation of oxygen in gr/Ru(0001) leads to the significant reduction of the
corrugation of the graphene moire´ lattice from 1.27 A˚ for the parent system [47] to 0.12 A˚ for
gr/O/Ru(0001) [30]. This effect together with the previously observed by ARPES strong
p-doping of graphene in the later system [62] indicates the decoupling of graphene from
the substrate and restoring of the nearly free-standing character of the electronic states of
graphene.
In order to obtain information about electronic structure of graphene in the intercalation
system we performed local scale STS experiments on gr/O/Ru(0001). In the first approach
we collected a series of dI/dV maps at different bias voltages (UT ). One of such map
acquired at UT = +50 mV is shown in Fig. 5(b). Different mechanisms for the scattering
of the electron waves in graphene lead to the formation of the interference picture, which
can be identified in such dI/dV map together with the signals originating from the atomic
graphene and moire´ lattices. Fast Fourier Transformation (FFT) analysis of such dI/dV
maps [Fig. 5(c-f)] allows to extract the energy dispersion of the carriers involved in the
scattering processes. In the FFT image several spots can be identified. First set, marked by
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the white rectangle in Fig. 5(f), is due to the reciprocal lattice of graphene (here the main
central spot is surrounded by six spots originating from the moire´ lattice of the system). The
second set of spots in the FFT image, marked by the white circle, is placed at the positions
of the (
√
3×√3)R30◦ structure of the reciprocal lattice, i. e. they are centred around the K-
points of the graphene Brillouine zone. This ring-shape structure is formed by the intervalley
scattering of electrons between two equivalent points in BZ, K and K′. The radius of this
structure 2k can be used for the calculation of the wave vector of the scattering electron
wave at the energy E = eUT [30, 52, 53, 63–65]. Such analysis performed for the series of
dI/dV images collected at different UT allows to extract the energy dispersion of the carriers
in graphene around the K-point of BZ. The results are shown in Fig. 5(g) by solid circles.
Linear fit of these data leads to ED = (610± 20) meV and vF = (1.06± 0.04) · 106 m/s. The
extracted value of ED was compared with the one obtained from the single dI/dV curves
collected along the line in the STM image [inset of Fig. 5(g)]. The intensity dip around
550 meV [Fig. 5(h,i)] was assigned to the position of ED for graphene on O/Ru(0001) and
this value is in rather good agreement with the one obtained in the previous analysis.
Experimental STM/STS results for gr/O/Ru(0001) were analysed in the framework of
DFT. The parent gr/Ru(0001) system is modelled in the slab geometry, where a graphene
layer with a (13×13) periodicity is placed on a Ru(0001) surface with a (12×12) periodicity,
thus, forming the moire´ lattice. Such structure was found to be adequate for the description
of this system, giving the accurate description of the crystallographic and electronic structure
of gr/Ru(0001) [30, 47]. In our analysis we use the structure where after intercalation of
O2 in gr/Ru(0001), the oxygen atoms form the p(2 × 1) structure with 0.5 ML coverage
with respect to Ru(0001) at the interface between graphene and Ru. It is supported by the
experimental observations as well as by the calculated doping level [30, 62, 66, 67].
Figure 6(a) shows the calculated band structure of the graphene/O/Ru(0001) system in
the supercell geometry described earlier and unfolded for the (1× 1) unit cell of graphene.
Although the complete band structure has a “spaghetti-like” view due to the folding of
the bands, the main graphene-derived bands, pi and σ, can be easily recognised. One can
clearly see that after intercalation of oxygen in gr/Ru(0001), graphene becomes nearly free-
standing and its electronic states are completely decoupled from the Ru substrate (compared
to gr/Ru(0001) [30, 62, 68]). Analysis of the electronic structure in the vicinity of the K-point
of graphene in this system shows that the pi band has a linear dispersion with a position
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of the Dirac point ED − EF = +536 meV and vF = 1.01 · 106 m/s, indicating the strong
p-doping of graphene. These values are in rather good agreement with experimental data
presented above.
In order to demonstrate the effects observed in the STM/STS experiments we use the
position of the Dirac point of ED−EF = +600 meV, which is very close to the one obtained
in the experiment (the difference of 10 meV does not dramatically alter the obtained results).
The band structure of graphene in the vicinity of the Dirac point in the tight-binding
(TB) approach can be expressed as E± = ±t
√
3 + f(k), where f(k) = 2 cos(
√
3kya) +
4 cos(
√
3/2kya) cos(3/2kxa) [10] (t ≈ 2.8 eV is the nearest-neighbour hopping energy; a =
1.42 A˚ is the distance between carbon atoms; kx,y are components of the wave vector).
FFT maps presented in Fig. 5(c-f) were obtained at bias voltages ±50 meV and ±150 meV,
corresponding to E − EF = −450,−550,−650,−750 meV for free-standing graphene. The
respective constant energy cuts (CECs) for the p-doped graphene around the K-point are
shown as an inset of Fig. 6(a) with the corresponding UT values marked in the figure. From
these data sets the clear trigonal warping of the pi bands with increasing of E is visible that
can be compared with experimental data.
Calculated CECs at different energies with respect to ED (and respectively at different
UT ) can be used for modelling of the FFT scattering maps in STS experiments. As was
shown in Refs. [63, 69], the power spectrum in the FFT map can be build on the basis of
a joint-density-of-states (JDOS) approach, where one simply counts the number of pairs of
(
−→
k ,
−→
k′ ), giving a scattering vector −→q with the same length and direction. For simplicity one
can consider such calculations as a self-correlation procedure for the particular CEC image
taken at the certain energy. Fig. 6 (b) and (c) show the calculated CEC and FFT-STS maps
obtained in the JDOS approach for the free-standing graphene corresponding to the energy
of E − EF = −750 meV (corresponds to the value of the bias voltage of UT = −150 meV
in the STS experiments on gr/O/Ru(0001)), where ring-like structure around the K-points
is assigned to the intervalley scattering of the electron waves between equivalent K and K′.
The FFT maps obtained in the experiment shown in Fig. 5(c-f) can be compared with the
respective theoretical results shown in Fig. 6(d-g) and good agreement between both sets of
data is found.
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IV. CONCLUSIONS
In the present manuscript we demonstrate the successful application of the space-resolved
(local) and space-integrated spectroscopic methods for the investigation of the electronic
structure of the graphene intercalation systems formed on metals. All experimental data
were reproduced in the DFT calculations allowing to understand the mechanisms leading to
the formation of the spectrum of the charge carriers in graphene (doping level, gap openings,
etc.). Two cases, of metal (Cu) and non-metal (oxygen) intercalation, were considered. In
both cases the reversing of the doping level of graphene compared to the parent systems was
observed. In the ARPES studies of gr/Ir(111) and gr/Cu/Ir(111) we followed the changes
in the electronic structure and found n-doped graphene in the later case, with the position
of the Dirac point of ED − EF = −0.69 eV and the band gap of 0.36 eV directly at ED.
Symmetry analysis of the respective states around ED allows to draw the mechanism, which
is responsible for the modifications of the band dispersion around the Dirac point. After
intercalation of oxygen in gr/Ru(0001), a strong p-doping of graphene was found, which was
confirmed in our DFT calculations. Band dispersion in the vicinity of EF of the graphene pi
states for the obtained intercalation system was extracted in the analysis of the FFT-STS
maps and the main results were reproduced in the framework of the JDOS approach for the
strongly p-doped nearly free-standing graphene.
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FIG. 1: Preparation steps (from top to bottom) of intercalation systems on the basis of
graphene/metal. Top row: atomically resolved STM images of Ir(111) and Ru(0001); middle
row: STM images of gr/Ir(111) and gr/Ru(0001) moire´ structures; bottom row: STM images of
gr/Cu/Ir(111) and gr/O/Ru(0001) intercalation systems.
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FIG. 2: XPS spectra of gr/Ir(111) (bottom) and gr/Cu/Ir(111) (top): C 1s (left column) and Ir 4f
(right column). The respective fitting components are shown by the shaded areas. Middle row
shows the evolution of the C 1s and Ir 4f intensity as a function of the annealing temperature
resulting in formation of gr/Cu/Ir(111) at 840 K.
20
FIG. 3: ARPES intensity maps [I(EB, ky)] around the K-point and the respective constant energy
cuts [I(kx, ky)] for (a) gr/Ir(111) and (b) gr/Cu/Ir(111). Data were obtained with photon energy
of hν = 40.8 eV. (c) ARPES intensity map [I(EB, ky)] around the Γ-point and the respective
constant energy cuts [I(kx, ky)] showing interface state in gr/Ir(111). Data were acquired with
non-monochromatized Ar I line (Ar Iα/Ar Iβ, hν = 11.83 eV/11.62 eV). (d) APRES intensity map
along Γ−K for gr/Cu/Ir(111) obtained with photon energy hν = 65 eV. Inset shows the sketch of
the hexagonal Brillouine zone with marked kx, ky directions.
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FIG. 4: Unfolded to the primitive (1 × 1) graphene unit cell the band structures of a graphene
layer on (a) Ir(111) and (b) Cu/Ir(111).
22
FIG. 5: Combined STM/STS measurements on gr/O/Ru(0001): (a) z(x, y) and (b) dI/dV (x, y).
Scanning parameters: 20× 20 nm2, UT = +50 mV, IT = 200 pA, fmod = 684.7 Hz, Umod = 10 mV.
(c-f) Series of the FFT images obtained after transformation of the respective dI/dV maps acquired
at UT marked in every image. White circles mark the intervalley scattering features used in the
analysis. (g) Extracted from the FFT maps energy dispersion of the carriers in graphene on
O/Ru(0001): solid circles – extracted points, solid line – the respective linear fit with ED and vF
marked in the figure. (h) Single dI/dV spectra acquired along the line marked in the STM image
shown as an inset in panel (g). (i) Extracted from dI/dV spectra in (h) the position of ED.
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FIG. 6: (a) Band structure of gr/O/Ru(0001) along the Γ − M − K − Γ direction of BZ. Inset
shows TB-calculated CECs around the K-point corresponding to the experimental values of UT
(marked for every curve) and the Dirac point of ED − EF = +600 meV. (b,c) CEC and the
calculated FFT-STS map for energy E−EF = −750 meV for free-standing graphene, corresponding
to UT = −150 meV used in the experiment. (d-g) Series of the calculated FFT-STS structures
around the K-point corresponding to the experimental values of UT marked in every image. Scale
bar is 1 nm−1.
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